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Hop limitations are applied to keep
routing scalable and resource-efficient.
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Other nodes may not be aware of the
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| average time to send a packet

2 fraction of nodes reachable

3 delivery ratio
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Observo’rion point

Approach 1. Aggregate all
contacts in the frace, and create a
static graph to represent network
topology - Static graph

Approach 2: Instead of one
single graph, observe the
network in several time points,
and create the network
topology > Time-aggregated
graph
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Abstract—In this paper, e’ ” er paths that arc capable of meeting them (see [1] for
path optimization problem that we den h all P"" IP“‘ ompn,h-n sive survey). Furthermore, for efficiency purpous
(AHOP) problem. The problem I Ives identifying g for all ho) p it is also important to do so at the minimum possible cost to

nts, the ptimal,i minimum weight, path(s) between a givel the k.
source and destinaf () The AHOP problem ai rlses aturally i S Tinte
(ht conex of qu allty-of-servi (QoS) routing in networks, wher: From an algorithmic standpoint, this calls for algorithms that
es (paths) need to be computed that pro id rvices guar- compute paths satisfying specific (scrvicc) constraints, while

AHOP
All Hops Optimal Paths

All Hops Optimal Path (AHOP) Problem: For a given source
node s € V' and maximal hop count H, H < N, find, for each

hop count value h,1 < h < H, and destination node = € V/, an
h-hop constrained optimal path between s and .
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for capacity analysis Rato nivrsity
w1

Q1: Average time to send a packet w2
Path length W

Q2: Fraction of nodes reachable 9
©

Q3: Delivery ratio ©
Probability of the existence of a path @\5

w2
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w(A,B) w(B,C) w(C.,D)
C% )gC (A—(—(—
pPA>B>CS>D

Optimal path p* from A to D is the path with minimum w(p)
among all paths from A to D.

Hop-limited optimal path p* is p,* where length(p,*) <= h
Given the edge weights, what is the weight of p, w(p)?
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o W(p)=w(AB)+w(B,C)+w(C,D) > Addifive weights
o W(p)=max{w(A,B), w(B,C), w(C,D)} > Boftleneck weights

Additive weight: Path weight = routing delay
© weight of an edge: inter-contact time between the
corresponding nodes

Bottleneck weight (capacity): A routing scheme should
choose the paths that will highly probably exist > most

probable paths.
© weight of an edge: the inverse of the number of
encounters between the corresponding nodes
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®
TABLE 1
HUMAN CONTACT TRACES USED IN THE ANALYSIS.
Trace Duration | # of devices (n) Context
Infocom05 | ~3 days | 41 Conference participants
Cambridge | ~11 days | 36 Ist and 2nd year undergrad-

uate students
Infocom06 | ~4 days | 78 (and 20 stationary | Conference participants
devices)

éRAWDAD http://crawdad.cs.dartmouth.edu/
Community Resource for Archiving Wireless Data At Darfmouth
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Static analysis:

hop limit vs. capacity
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Static analysis: optimal hop A!
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Static analysis: optimal hop A!
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Revisifing our research A'
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1) average time to send a packet

o Nodes can be reached faster by relaxing hop count
o Improvement vanishes after several hops
o Optimal hop counts (total path delay): 2-3 hops

2 fraction of nodes reachable

The first two hops are sufficient to reach every node from
every other node.

3) delivery ratio

increases significantly if at least two hops are allowed, and
stabilizes after h approx. 4.
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Time-aggregated graphs

Three aggregation windows

Short: 1 h Medium: 6 h Long: 24 h
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Time-aggregated graphs
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Hop count (h) of multi-hop routing).
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Network snapshots A'
Hop count vs. capacity -

HELSINGIN YLIOPISTO Aalto University

HELSINGFORS UNIVERSITET -
UNIVERSITY OF HELSINKI School of Science

= —%— Sh A
-— > ort
é ™ | ©— Medium /A
—— Long / o—0—=0
>,g ¥ iCJ o | —— Static s o
.*5 T oy ] ™ Simulation
0
© 0
S ~ /
S =) [= 2 -
5 3
S o
O N | o
S o a O |
i) —¥—  Short o«
S © —— Medium c—Eu o |
o —— Long =
—A—  Static o)
0 Q.
O I | | I I | I | T
1 2 3 4 5 6 7 8
Hop count (h) Hop count (h)

© Highest increase from h=1 to h=2
© After h=4, vanishingly small gain
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Network snapshots
Hop count vs. capacity
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Simulations
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Simulations

Delivery delay and path lengths
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Abstract—Hop count limitation helps controlling the spread
of messages as well as the protocol complexity and overhead
in a distributed network. For a mobile opportunistic network,
we examine how the paths between any two nodes change with
increasing number of hops a message can follow. Using the all
hops optimal path (AHOP) problem, we represent the total delay
of a route from a source node to a destination node as additive
weight and use the number of as a rep i
of bottleneck weight. First, we construct a static (contact) graph
from the meetings recorded in a human contact trace and then
analyze the change in these two weights with increasing hop
count. Alternatively, we aggregate all the contact events in a
time interval and construct several time-aggregated graphs over
which we calculate the capacity metrics. Although, we observe
differences in the properties of the static and the time-aggregated
graphs (e.g., higher connectivity and average degree in static
graph), our analysis shows that second hop brings most of the
benefits of multi-hop routing for the studied networks. However,

he optimal pa DA at_provide e _most _desirable

—npath _th royides
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Analysis of Hop Limit in Opportunistic Networks by
Static and Time-Aggregated Graphs

networks (e.g., short contact duration). A less greedy solu-
tion is hop-limited routing [3], [4] which limits the journey
of a message in the network to maximum h hops. More
sophisticated protocols aim to balance the tradeoff between
delivery ratio and resource consumption by tuning the protocol
parameters, ¢.g., the maximum number of replications [4],
lifetime of a message [5], replication/forwarding logic [6],
and so on. However, no matter how optimized the protocol
is, the performance of a mobile opportunistic network also
strongly depends on the node mobility. More specifically, two
properties related to node mobility are paramount: contact
duration and inter-contact time duration. Contact duration is
the time two nodes stay connected while inter-contact time
is the time clapsed between two consequent contacts of two
particular nodes. Both determine the transmission capacity
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